A major impediment towards a better understanding of the complex plasma-surface interaction is the limited diagnostic access to the material surface while it is undergoing plasma exposure. The Dynamics of ION Implantation and Sputtering Of Surfaces (DIONISOS) experiment overcomes this limitation by uniquely combining powerful, nonperturbing ion beam analysis techniques with a steady-state helicon plasma exposure chamber, allowing for real-time, depth-resolved in-situ measurements of material compositions during plasma exposure. Design solutions are described that provide compatibility between the ion beam analysis requirements in the presence of a high-intensity helicon plasma. The three primary ion beam analysis techniques, Rutherford backscattering spectroscopy (RBS), elastic recoil detection (ERD), and nuclear reaction analysis (NRA), are successfully implemented on targets during plasma exposure in DIONISOS. These techniques measure parameters of interest for plasma-material interactions such as erosion/deposition rates of materials and the concentration of plasma fuel species in the material surface.
complex and highly interdependent system, with both being highly perturbing to the other. There are also other environments where the plasma-material interface is highly coupled such as in plasma thrusters, semi-conductor processing, and thin-film deposition. With such a complex, constantly evolving system, it is critical to understand the dynamics of the plasma-surface interactions. Presently there are many diagnostics to monitor and measure the evolving plasma [1, 2] . However diagnostic access to the PFC surface in plasma environments is very limited. The examination of the material surface is usually performed via a comparison of pre-and postexposure measurements, sometimes spanning months of exposures of varying conditions in fusion devices [3] , thereby missing entirely the dynamics of any modifications of effects and making it difficult to perform controlled studies and/or compare results to time-dependent modeling or simulation.
The Dynamics of ION Implantation and Sputtering Of Surfaces (DIONISOS) experiment was designed specifically to investigate the dynamic effects of a surface under plasma bombardment. This is an experiment that combines well-controlled plasma and target conditions while simultaneously probing the near-surface region via high-energy ~MeV ion beam analysis (IBA) to monitor the target material for dynamic changes during plasma exposure. Other devices have previously coupled dynamic ion beam analysis with magnetron plasma sources [4, 5] , low-power RF plasma sources [6] and low-energy ion beams [7] , however DIONISOS is unique in coupling dynamic ion beam analysis with a helicon plasma source. The advantage of a helicon plasma source is that it provides higher plasma fluxes than a low-power RF or DC glow discharge plasma while still producing a thermalized (Te = 4-8 eV) and magnetized plasma. This allows access to lower incident ion energies on targets and recreate much of the physics found in fusion plasma boundary and plasma thruster plasma-material interactions (e.g. plasma transport, reionization, re-deposition, etc).
The high-energy ions from the tandem ion accelerator can also be intentionally used to induce displacement damage in the target material as a proxy for the neutron-induced damage expected in an operating fusion reactor. Thus, it can also examine potential synergistic effects between ion/neutron damage from high-energy particles and material modification via low-energy (<100 eV) plasma ions. It will be shown that, with proper precautions and design, the three principal IBA techniques of Rutherford Backscattering Spectroscopy (RBS), Elastic Recoil Detection (ERD), and Nuclear Reaction Analysis (NRA) can be performed in DIONISOS on a target undergoing plasma exposure. These techniques allow for in-situ measurements of interest to PFC science such as net erosion, net deposition, material migration within the surface and the implantation and concentration of plasma fuel species in the material.
II. Experiment
The DIONISOS experiment consists of several components -the exposure vacuum chamber that houses the material target,
-the target holder which controls the material temperature and target alignment,
-solid-state detectors and housings used for IBA, -a set of ethylene glycol-cooled copper coils to produce a constant axial magnetic field -the 13.56 MHz frequency helicon source for producing continuous magnetized plasma,
-the 1.7 MV tandem accelerator used to generate the ~MeV ions that probe the target nearsurface region.
seen in Fig. 1 excluding the accelerator. A.
Exposure chamber
The exposure chamber houses the target, target holder, and solid-state detectors and housings used for IBA. The vacuum vessel has a total of 19 conflat (CF) diagnostic ports of sizes ranging from 1.33" to 6" of which most have lines-of-sight to the target location. The main vacuum vessel has 10" CF flanges on either end of the cylinder; one end connecting to the plasma source and the other "sample" end terminating with a vacuum door hinge for easy target access. The main vacuum vessel inner diameter is 7.75". The ion beam enters the vessel through a 6" CF flange at 45 o to the axis of symmetry of the chamber and magnetic field. This large port for the ion beam in combination with electrostatic steering plates allows for the ion beam to be scanned across the surface of even samples as large as 50 mm (horizontal) x 50 mm (vertical). This port for the ion beam is the limitation to the spacing between magnetic coils and therefore sets the relative variation of B strength on the cylindrical axis (~15 %). Plasma operations have found this B variation acceptable and therefore is a good design optimization with respect to ion beam access to a large surface area over which a wide variation in plasma flux is expected since the efolding length of incident plasma flux is typically ~20 mm for this system. On the other side of the vacuum chamber, a "mirror-image" 6" CF flange is used as a viewing window to the target and line-of-sight for RBS and NRA detectors. A 4.5" CF flange on the bottom of the vessel directly under the target allows for a solid-state detector to be mounted on a rotating arm allowing for various geometries required for techniques such as ERD. The vacuum hinge door on the back of the vacuum vessel can be mounted with a re-entrant tube for a gamma ray detector, which helps move the detector as close as possible to the target to maximize gamma detection yields.
Base pressure in the range of 10 -5 Pa can be achieved using a 145 l/s turbomolecular pump.
High vacuum pressures are measured with a hot filament ionization gauge. Pressures increase during plasma operations up to 1-4 Pa; pressures at these levels are measured with a capacitance manometer.
Material temperature is an important parameter for all plasma-material interaction research.
There are two different target holders for DIONISOS that allow access to a broad range of material temperatures. For experiments at or near room temperature (i.e. 273-373 K), a target holder with active liquid (ethylene glycol) cooling is used. This allows for effective heat removal of the heat flux brought to the material surface by the plasma. For higher temperatures, a target holder where the target is actively heated via thermal contact to a boron nitride heater is used.
This active heating, in addition to the heat flux from the plasma, can sustain material temperatures up to ~1373 K. Power to the heater is controlled by a feedback loop connected to a infrared pyrometer to measure target surface temperatures. A thermocouple is also inserted into the heater to monitor the heater temperature.
For both target holders, the target itself is electrically isolated from the vacuum chamber (ground). This allows the target to be actively biased with respect to the vacuum chamber.
Typically, negative voltage potential is applied to accelerate the incoming plasma ions compared to their potential if falling through the thermal sheath (~3 Te). This biasing, widely used in linear plasma devices [8, 9] , is thus used to control the incident energy of the incoming plasma ions.
Currently, targets can be biased to |V_bias| ~ 350 V with higher biases initiating arcing within the plasma chamber.
For IBA data acquisition, solid-state, depleted-silicon charged particle detectors are used to measure the energy spectrum of the scattered high-energy beam or target ions from the surface.
These charged particle detectors are typical for IBA, however, they are very sensitive to both heat and light. Since the plasma in the chamber is both a light and heat source (via radiative heating in the case of the detectors), precautions must be made so the detectors can operate in a plasma environment. First, the detectors are mounted in liquid-cooled housings, which can be retracted out of the line-of-sight of the plasma when they are not in use. The temperature of detectors is monitored via the leakage current, which is highly sensitive to temperature.
Typically leakage current increases are <5% with the water-cooled detectors indicating minimal heating of the detectors. Energy calibrations can be performed before and after experiments to compensate in any drift in the detector response. Second, thin aluminum or diamond-like carbon (DLC) foils are placed in front of the detectors to make them light-tight and block out any interfering photons from the plasma emission. The foil thickness is chosen to minimize the degradation of IBA energy resolution on detectors but must be thick enough to ensure there are no pin-holes in the foil. Typical foil thicknesses are 1.5-4 microns to make the detectors lighttight. Finally, properly shielded cables and connectors must be used to filter out any RF noise from the helicon plasma source.
B. Helicon plasma source
A helicon mode source provides high density and low temperature magnetized plasmas, which is important for getting as close as possible the high ion fluxes and fluences found in a tokamak environment. From the scientific point of view, a high flux/density material exposure inherently produces conditions more relevant to study dynamic responses of the material because the plasma is inherently more perturbing to the surface interface at higher flux density. Though the incident fluxes are much higher in tokamak divertors (a factor of 10-100 higher than is achievable in hydrogenic helicon experiments), the exposure times are on the order of seconds in present tokamaks, while the helicon plasma source can run in steady-state. This means that plasma fluences can easily be matched. The source consists of an m=1 Nagoya type III antenna surrounding a cylindrical quartz tube with an inner diameter of 46 mm. The antenna is attached to 13.56 MHz, <1.5 kW RF power through a manual match network and is actively cooled.
Typical plasmas experience < 5% reflected RF power.
The quartz tube and DIONISOS vessel are surrounded by a set of four Helmholtz coils. Up to 300 A of current is passed through the Helmholtz set (connected in series) to generate an axial magnetic field of up to ~1 kG. The plasma is confined to a cylindrical shape ~50 mm in diameter by the magnetic field which is roughly equal to the diameter of the quartz tube aperture. Plasma ions are extracted to the target through a standard thermal sheath or by active biasing of the target with respect to the vacuum chamber. Neutral gas is fed into the back of the quartz tube.
The gas flow is controlled by a mass flow controller with a maximum flow rate of 50 sccm.
Neutral gas pressure inside the vacuum vessel is typically in the range of 2.5 − 6 Pa.
The helicon source can form high-density plasmas of hydrogen, deuterium, helium, argon and neon. Plasma flux density (Γi ) tends to be peaked in the center of the plasma column while electron temperature (Te) has a flatter profile until a radial position r~25 mm, which corresponds to the radius of the quartz bottle in the helicon source. The accelerator is equipped with two negative ion sources yielding a wide range of possible ion beam species. The first negative ion source is a cesium-sputtering source. This source uses Cs ions to sputter and negatively charged sputtered atoms from a cathode tip. The advantage of this type of source is that the ion/isotope species will be whatever material is selected for the cathode tip as long as it has a reasonable electron attachment cross-section with Cs. Since the latter is true for most elements, this effectively means that the source can form isotope-selected negative ions of almost any non-gaseous element. The total achievable beam current varies strongly with the ion species, but negative beam currents up to ~40 µA have been achieved from this source, although source currents 0f 0.5-2 µA are sufficient for most applications of ion beam analysis.
The second source is a RF-charge exchange ion source from National Electrostatics
Corporation. This is an ion source for gaseous species such as H, He or 3 He. An RF antenna ignites a plasma in a quartz bottle (under vacuum) producing positive ions of the gas used to seed the plasma. These ions are electrostatically extracted from the quartz bottle and pass through a charge exchange chamber filled with rubidium (Rb) vapour, which provides the electron attachment to produce negative ions. This source is particularly effective at producing He negative ions due to its high electron-transfer cross section with Rb. As with the sputter source the negative ions are accelerated and mass-selected before insertion into the accelerator. With 
III. Data and Discussion
Ion beam analysis during a dynamic experiment, such as a surface being modified by a plasma, has different design and experimental considerations than typical, static, ex-situ ion beam analysis.
First, ion beam analysis is typically conducted in a high vacuum but in DIONISOS there is significant neutral gas pressure in the vessel, axial magnetic fields up to 1000 G, injected RF power, and the resulting plasma from the combination of all these factors. The magnetic field will not only deflect the incident ion beam, which can be corrected for with steering plates, but also the reflected, scattered or nuclear-reaction produced charged particles coming off the target.
The neutral gas pressure decreases the mean free path length of the incoming or outgoing ions.
The presence of plasma means there is an abundance of low energy ions in the chamber during the ion beam analysis. However, for RBS and NRA, none of these factors have a significant impact on the measured spectrum. Figure 3 shows a simple RBS spectrum of protons scattering off a W target and the percentage change induced in the spectrum as each of the above factors are introduced into the system. The initial spectrum ( fig. 3a) is also compared to a second spectrum taken in vacuum to show the natural variability and statistical uncertainty that can be expected. Across the majority of the RBS spectrum with good counting statistics the variation is <5% for each additional factor introduced into the system, which is similar to the intrinsic variation from statistical and experimental uncertainties. The relative variation increases across the leading edge of the spectrum (energies 1120-1160 keV) but this is mainly due to the total counts in these channels being much lower and statistical uncertainties increasing significantly with the lower counts. Thus, it can be concluded that neither the magnetic field, nor the high neutral gas pressure, nor the RF and plasma have a significant impact on the shape, position or magnitude of the RBS spectrum. However, due to the unique and sensitive geometry of ERD, the impact of these factors can be more complex and this is discussed further in Sec. III C. Second, the ion beam analysis in DIONISOS is being used to measure a dynamic event,
introducing the concept of time resolution. The energy spectrum acquired from IBA is the accumulation of scattering events over a set time period. Normally this time period would be selected to yield sufficient counting statistics to reduce uncertainty in the resulting pulse-height spectrum. However, for a dynamic event, if the acquisition time is kept short, then this improves the time resolution of the data for the dynamic changes. Thus, for dynamic IBA in DIONISOS, a balance between counting statistics and time resolution must be found in order to have enough data to track the dynamic changes in the material and good enough statistics in the data to have confidence in the analysis. The counting rate is determined by the ion beam current, the relevant cross-section to be measured (elastic or inelastic), and the solid angle subtended by the detector.
Since the detectors are limited in how close they can be placed to the target due to the proximity of the plasma, it is expected that DIONISOS will rely on relatively high ion beam currents rather than large detector solid angles to increase count rates. implantation from these two sources of ions are orders of magnitude different, and the difference in plasma ion energy (20-300 eV) and ion beam energy (~10 6 eV) also means the implantation depths will differ greatly. However, high-energy ions do modify the target in ways other than implantation. As the high-energy ions pass through the target they also displace lattice atoms and create a series of displacements and vacancies in the target material's lattice. These displacements and resulting vacancies do not affect the IBA since they do not change the elemental concentrations or distribution, however they can change how a material interacts with a plasma. Thus, if IBA is being performed dynamically during a plasma exposure, it may become a perturbing analysis method as the changes in the material induced by simultaneous ion beam and plasma exposure are different than the changes induced by just a plasma exposure. An example of this effect is the increased hydrogenic retention of ion beam irradiated targets exposed to hydrogenic plasmas [10, 11] and the suppression of blistering of tungsten exposed to hydrogen plasmas in ion beam irradiated targets [12] . These potential effects must be taken into consideration for dynamic experiments on DIONISOS and must be weighed against the desire for higher time resolution, which leads to use of higher beam current and therefore more perturbation through displacements.
In DIONISOS, a pulse-height energy spectrum is acquired from the target during plasma exposure using elastic collisions (RBS, ERD) or high-Q nuclear reactions (NRA). To determine the elemental composition and elemental depth profile of the target, the experimental spectrum is recreated using the simNRA program [13, 14] where the user can modify the target composition in the simulated profile until it reproduces the experimental profile within experimental uncertainty. As shown in Fig. 3 , simNRA is a valid fitting program because the presence of the B field, plasma ions and neutral gas often have negligible effects on the spectrum.
A. Rutherford Backscattering Spectroscopy (RBS)
RBS is a common ion beam analysis technique [15] that can be used to identify and quantify different elements contained and the distribution of those elements throughout the probed depth.
In DIONISOS, the erosion of copper (Cu) by He plasma ions is measured via real-time RBS.
This experiment was conducted to validate the technique of measuring net erosion of material via plasma ion bombardment via real-time RBS profiles. The intention is to first validate the technique with an easily sputtered material such as Cu and then use it for other more fusion relevant materials such as tungsten or molybdenum. For these experiments, a 1.6 µm layer of Cu is deposited on top of an aluminum (Al) substrate. These layers were deposited by DeepCoat LLC via a vacuum metallization process. The thin layer of Cu is necessary so that the total layer thickness can be probed and measured by the ion beam used for RBS. In this scenario, 1.4 MeV protons are used as the ion beam species, which allows the entire Cu layer thickness to be measured. Fig. 4 demonstrates that for this set-up, the Cu signal can be easily distinguished from the Al substrate and simulations in simNRA can accurately re-create this simple system and determine the thickness of the Cu layer. The Cu layer appears in the energy spectrum of backscattered protons as a rectangular feature extending from 1300 keV (the front surface of the copper) to ~800 keV ( the back surface of the layer). The copper is readily distinguished from the Al substrate because the protons backscatter at higher energy due to the kinematics with the higher mass Cu atoms. As the Cu layer is eroded and the Cu layer thickness decreases, the Cu "signal" in the RBS spectrum will extend over a narrower range of energies since the incoming protons pass through less Cu before and after a backscattering event. A sequence of varying spectra is seen in Fig. 5 , where the target (Cu layer and Al substrate) was biased at -35 V to set the incoming incident ion energy and exposed to a constant He plasma. RBS spectra were taken with 90 s acquisition times throughout the entire exposure and the Cu signal is seen across a narrower range of energies as the plasma sputters the Cu and the layer becomes progressively thinner. Comparison of the Cu layer thickness, as fit by simNRA, in sequential RBS spectra can determine the average rate of copper net erosion during the 90 s intervals (see Fig. 5b ). The plasma flux is measured by double He/m 2 s, a sputtering yield of 2.9 x 10 -3 is calculated, which is within the scatter of results from other experimental work where more traditional weight loss and mass spectrometry measurements were used [16] . However unlike those techniques, the DIONISOS in-situ RBS provides real-time erosion rate so that, for example, it can be observed that the beginning erosion rate (in the first ~100s) is approximately twice the equilibrium erosion rate. This indicates that the plasma-surface sputtering mechanism has evolved in some way (unidentified here) thus capturing time-dependent behavior of the erosion process. Another significant advantage of this technique is that it measures net erosion. For some plasma-material combinations, significant material can be removed from the surface only to be promptly re-ionized and re-deposited on the surface. Some techniques, such as optical emission spectroscopy, only measure the magnitude of material leaving the surface, yielding the total gross erosion, but neglect any measurement of re-deposition. However, for considerations of component lifetime or material transport in a plasma environment, a measurement of total net erosion is crucial. With similar considerations, it is also implied that this in-situ dynamic RBS technique can be used to measure net deposition rates as well as identifying the elements being deposited on the surface. This also makes this technique useful for monitoring a surface for contamination during an experiment and also identifying the contaminant making it easier to identify the source. Given its flexibility and capabilities, dynamic RBS is useful in a wide range of plasma-surface interactions experiments.
B. 3.2 Elastic Recoil Detection (ERD)
ERD is an IBA technique used to measure the concentration and depth profile of low-Z elements in a substrate. It is a common IBA technique used to measure H, D, or He concentrations in a target surface region, elements of obvious interest in fusion studies. ERD relies on forward scattering of the light elements out of the material [15] , and these forward scattered elements are then recorded in an energy spectrum. The forward scattering events are produced by using an ion beam species that is heavier than the element being detected (e.g. He can be used to detect H and/or D), and hitting the target surface at a grazing incidence (e.g. 70-80 o off normal). Because of the grazing incidence and higher atomic number of the ion beam species, ERD cannot typically probe past a few hundreds of nanometers into the target.
In DIONISOS, the entire target flange holder can be rotated (as seen by the rotation arrows in Fig. 1 ) to allow for the necessary grazing angle of incidence required for ERD. A special detector holder that can be rotated to different angles with respect to the target surface is used to
give some flexibility to the geometry of the ERD system. Figure 6 shows a typical ERD spectrum in DIONISOS taken with 3.8 MeV O 3+ ions on a W target with H (from atmospheric exposure) and He (implanted via plasma exposure) contained in the surface. The He signal appears at higher energy than the H signal due to the kinematics of the forward scattering events with the O 3+ ions. There is a signal at even higher energies than the indicated He signal from the target. This is a "background" signal that is produced by the beams interactions with the significant He neutral gas (3-4 Pa typically) in the chamber during a He plasma exposure. Due to the unique geometry and forward-scattering basis of ERD, it is found that, if conditions are right, the neutral gas background pressure can introduce a signal into the spectrum that does not originate from the target. Figure 7 shows an ERD spectrum of an oxygen ion beam on a quartz (SiO2) target with varying background neutral pressures of He. A small peak appears between 1450 keV and 2000 keV with the introduction of He neutral gas into the chamber. The origin of this peak is the forward-scattering of neutral He gas atoms by the O-beam as it passes through the He background gas. This conclusion is supported by the fact that the size of the peak is roughly proportional to the magnitude of the He background pressure. The energy of the peak also agrees with kinematic approximations of the scattering events at the correct geometry. This
He background peak is constant and reproducible as long as the background pressure is kept constant, thus it can be subtracted as a background signal if it interferes with the signal from the target. For Fig. 6 , the background signal is confined to a peak across energies 950-1200 keV in the spectrum and thus does not significantly interfere with the He signal from the target. NRA takes advantage of the ~MeV energies of the ion beam to induce nuclear reactions with elements of interest in the target. The products from these reactions, whether they be particles or gamma rays (produced via a process called Particle-Induced Gamma Emission or PIGE) can then be detected and analyzed to determine the concentration of the specific isotope/element [15] . In cases where the nuclear reaction produces energetic ions, the energy spectrum of the nuclear products can also yield a depth profile of the investigated element due to slowing down of the reaction products as they exit back out of the material surface. NRA has similar flexibility as RBS in terms of the geometry of the system. Typically, NRA is performed with a proton or 3 He ion beam as these have the most nuclear reactions with a variety of elements. For experiments in DIONISOS, the NRA set-up is very similar to the RBS experiments. The same detector and geometry are used to acquire the energy spectrum of the nuclear products leaving the target, but the thickness of the stopping foil in front of the detector needs to be adjusted depending on the incoming energy of detected particles. For PIGE measurements, the experiment is much simpler as the gamma detector can be mounted outside the vacuum vessel, thus eliminating any potential complications from the plasma or detector heating. Fig. 9 shows an energy spectrum from the deuterium in a molybdenum (Mo) target as measured by a 3.5 MeV proton (Ep = 15.4 MeV for the geometry in DIONISOS) was measured. To slow down the proton enough such that it didn't pass entirely through the detector, an Al stopping foil with a thickness of 1000 µm was used. Hydrogenic retention in refractory metals is a specific concern for nuclear fusion research since deuterium and radioactive tritium are the fuel species for nuclear reactions in a fusion reactor and refractory metals are commonly used in fusion experiments due to their beneficial thermo-mechanical properties. In DIONISOS, the NRA set-up was used to measure the dynamic retention of D in a Mo target exposed to D plasma. Higher concentrations of D in Mo will result in more counts in the D peak in the energy spectrum, and D that is deeper in the Mo surface will appear at lower energies, making the peak broader and extend into lower energies. Figure 10a shows the dynamic evolution of the energy spectrum from the 3 He(d,p)α reaction as a Mo target at 400 K is exposed to a D plasma in DIONISOS. Initially the peak is narrow, indicating that at the beginning of the plasma exposure, the D was confined to the near surface region (e.g. <1 µm deep) of the Mo target. At later times in the exposure, the D has had time to diffuse into the Mo and thus the peak begins to broaden. The peak magnitude grows as more D is implanted and diffuses into the target. This is made evident by examining the depth profiles of the simNRA fits to these evolving spectra (Fig. 10b) . Typically, spectra at multiple beam energies are needed to create a depth profile for this nuclear reaction, but due to the distinct set-up and geometry of the DIONISOS system and the ability to observe how the spectra evolve with time, a depth profile with a depth resolution of 250-500 nm can be measured from a single spectrum (see [19] for more details). (Fig. 11) . It is important to be aware of these potential effects of the ion beam to address or compensate for them in any analysis or interpretation of the data, and to consider how it may compare or extrapolate to other work, experiments, or conditions. In the case of these experiments, the ion damage is actually used as a proxy for the neutron damage experienced in a nuclear fusion reactor. Thus providing a better representation of hydrogenic retention in a nuclear environment.
IV. Summary
The dynamic response of a material during plasma exposure is an area of plasma-material interaction research that is largely unexplored due to the difficulty of diagnostic access to a material that is also exposed to plasma. DIONISOS has been shown to overcome this diagnostic challenge by combining the powerful material diagnostic of ion beam analysis with a helicon plasma exposure chamber, allowing for in-situ dynamic IBA measurements of a target's surface region as that surface is bombarded by and implanted with plasma ions. 
